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Introduction
Endodontic therapies have benefited greatly from tricalcium silicate endodontic cements, commonly known as MTA-based (mineral trioxide aggregate) cements. These materials are hydrophilic, require water to set and have good biocompatibility and apatite-forming ability (Gandolfi et al. 2013b .
For these reasons, several forms of tricalcium silicate cements have been developed for use as endodontic sealers (Gandolfi & Prati 2010 , Camilleri 2011 , Gandolfi et al. 2013a , Vitti et al. 2013a ) in order to modify and tailor the properties (Camilleri 2008 , Gandolfi et al. 2009a ,b, 2014 . For example, bismuth oxide, a radiopacifying agent used in most MTA-based cements, may participate in the hydration processes of tricalcium silicates particles (Camilleri 2008) as well as in tooth discoloration (Vall es et al. 2013) , especially when in contact with sodium hypochlorite (Camilleri 2014) . In the same way, organic agents improve the physical characteristics of the cement but may change its chemical and biological properties.
BioRoot RCS (Septodont, Saint-Maur-des Fosses, France) is a powder/liquid hydraulic tricalcium silicate-based cement (Gilles & Oliver 2012 ) marketed since February 2015 and recommended for singlecone technique or cold lateral condensation root filling. The powder contains tricalcium silicate, povidone and zirconium oxide; the liquid is an aqueous solution of calcium chloride and polycarboxylate. BioRoot RCS has been reported to induce in vitro the production of angiogenic and osteogenic growth factors by human periodontal ligament cells (Camps et al. 2015) ; moreover, it has a lower cytotoxicity than other conventional root canal sealers, may induce hard tissue deposition (DimitrovaNakov et al. 2015 , Pr€ ullage et al. 2016 and has antimicrobial activity (Arias-Moliz & Camilleri 2016) .
MTA Fillapex (Angelus, Londrina, Brazil) is a salicylate resin-based sealer containing tricalcium silicate particles (MTA), silicon dioxide and bismuth oxide (Flores et al. 2011) . It has suitable flow, good sealing and low solubility (Vitti et al. 2013b , Gandolfi et al. 2016 and is indicated for use in cold and warm root filling techniques (Viapiana et al. 2014) . The organic component of salicylate resin reduced cell survival rates (da Silva et al. 2017 and increased cytotoxicity (Collado-Gonz alez et al. 2017) .
This study assessed the chemical and physical properties (i.e. calcium release, alkalizing activity, setting times, radiopacity solubility and porosity) of a tricalcium silicate-based sealer (BioRoot RCS) in comparison with a salicylate resin-based sealer (MTA Fillapex) and two other popular sealers (AH Plus, Dentsply DeTrey GmbH, Konstanz, Germany and Pulp Canal Sealer, Kerr, Scafati, Italy); moreover, the ability to nucleate calcium phosphates (CaPs) on their surface upon immersion in a simulated body fluid was evaluated using ESEM-EDX and micro-Raman analyses.
Materials and methods

Materials
The materials tested are reported in Table 1 . The sealers were prepared in accordance with the manufacturers' instructions and tested immediately.
Alkalizing activity (pH) and calcium release
The freshly prepared pastes were compacted with a spatula into polyvinyl chloride moulds (8 AE 0.1 mm diameter; 1.6 AE 0.1 mm height), and the excess was removed. The filled moulds (n = 10 for each material) were immediately immersed in 10 mL of deionized water (pH 6.8), sealed and stored at 37°C. The water was replaced at each end-point (3 h and 1, 3, 7, 14, 28 days), and the collected water was analysed for pH at room temperature (24°C) by a potentiometric method under magnetic stirring using a selective electrode (Sen Tix Sur; WTW, Weilheim, Germany) connected to a multiparameter laboratory meter (inoLab 750; WTW) previously calibrated with standard solutions. The number of calcium ions released was measured using a calcium probe (calcium ion electrode; Eutech Instruments Pte Ltd, Singapore) after addition of 0.200 mL (2%) of ionic strength adjuster (ISA; 4 mol L À1 KCl; WTW).
Setting times
The initial and final setting times were measured by evaluating the absence of indentation caused by Gillmore needles (ASTM C 226-07 Standard Specification for Air-Entraining Additions for Use in the Manufacture of Air-Entraining Hydraulic Cement). The initial Gillmore tip (113.4 g weight and 2.12 mm diameter) and the final Gillmore tip (453.6 g weight and 1.06 mm diameter) were used on the cement paste stored at 37°C and 95 AE 5% relative humidity in a mould of 10 mm diameter and 2 mm thickness.
Radiopacity
The radiopacity tests were performed in accordance with ISO 6876:2012 (dental root canal sealing materials). Completely set samples (10 AE 0.1 mm diameter; 1.0 AE 0.1 mm height) were radiographed using a radiographic unit (Myray Cefla, Imola, Italy) with a reference aluminium step-wedge (60 mm long, 10 mm wide, thickness varying from 2 to 6 mm in 1-mm increments). The radiographic unit was set at 3 cm distance, 0.13 s exposure at 70 KVp and 8 mA. The film (Kodak dental film, Eastman Kodak Company, Carestream Health Inc., Rochester, New York, NY, USA) was processed (automatic developer, 4 min at 30°C) and scanned (Epson Perfection V750 PRO, Jakarta, Indonesia). The radiographic density (colour intensity) data were converted (software ImageJ, Wayne Rasband, National Institutes of Health (NIH), Bethesda, MD, USA) into aluminium step-wedge equivalent thickness (mm Al). A radiopacity equal or higher than 3 mm Al is required by the ISO 6876.
Solubility, water sorption, porosity
The freshly prepared pastes were compacted into polyvinyl chloride moulds (8 AE 0.1 mm diameter; 1.6 AE 0.1 mm height), and the excess was removed. The filled moulds (n = 10 for each material) were placed at 37°C and 95% relative humidity for a period of 50% longer than the setting time, that is 450 min for BioRoot RCS, 405 min for MTA Fillapex, 1860 min for AH Plus, 90 min for PCS (Siboni et al. 2017) .
Each unmoulded sample was weighed to determine the initial mass (I) and immediately immersed vertically in 20 mL of distilled water and placed at 37°C for 24 h. The mass whilst suspended in water (S) was determined. The specimens were then removed from water, and the excess water from the surface of each sample was removed using a moistened filter paper (20 mL of distilled water dropped on a 9 cm wide 12.5-cm-long glass plate covered by a filter paper), and the saturated mass (M) was recorded. Finally, the samples were dried at 37°C until the weight was stable, and the final dry mass (D) was recorded. Each weight measurement was repeated three times using an analytical balance (Bel Engineering series M, Monza, Italy) and determined to the nearest 0.001 g. Mean values of the measures were reported.
The
100) and the solubility S (S = [(I À D)/D] 9 100) were calculated as percentage of the original weight. ISO 4049 (polymer-based restorative materials) guidelines were applied, instead of ISO 9917 (water-based cements) or ADA specification 8 (zinc oxide eugenol cements) recommendations, as some materials (AH Plus and MTA Fillapex) are not water-based and as the residual method for the solubility of calcium silicate cements is inadequate because it only evaluates the dissolution of water-soluble components and the dispersed/disintegrated portions.
The sample volume V (V = M À S) was calculated in cm 3 . Then, the apparent porosity P (P = [(M À D)/ V] 9 100), that is the relation between the volume of the item and the volume of water absorbed on immersion, was calculated in percentages (following Archimedes' principle as volume of fluid displaced by the immersed sample), as previous papers on endodontic sealers (Barros et al. 2014 , Gandolfi et al. 2016 , pulp capping and root-end filling materials (Gandolfi et al. 2012 , Siboni et al. 2017 , and porous bioceramics (Unosson et al. 2015 , He et al. 2016 proposed.
The porosity, water sorption and solubility were also measured after a period of 7 days at 37°C and 99% RH to test the sealers after a longer setting and further hydration of the cement. 
Statistical analysis
The results were analysed statistically. A two-way ANOVA followed by RM Student-Newman-Keuls test (P < 0.05) was performed for the ions release tests. A one-way ANOVA followed by Student-NewmanKeuls test (P < 0.05) was performed for setting time, radiopacity, solubility, water sorption and porosity.
Surface characterization and calcium phosphate nucleation in simulated body fluid
The freshly prepared materials were promptly immersed upright in 20 mL of HBSS (Hank's balanced salt solution, Lonza Walkersville, Inc., Walkersville, MD, USA) (Gandolfi et al. 2011b ) and stored at 37°C for 28 days, according to ISO 23317 (implants for surgery -In vitro evaluation for apatite-forming ability of implant materials) useful for predicting the in vivo bone-bonding ability. The HBSS was replaced weekly.
The surfaces of dry powders, freshly mixed materials and samples soaked in HBSS were examined using an environmental scanning electron microscope (ESEM, Zeiss EVO 50; Carl Zeiss, Oberkochen, Germany) connected to a secondary electron detector for elemental dispersive X-ray microanalysis (EDX; Oxford Instruments, Abingdon, UK). The freshly mixed samples and those soaked in HBSS were examined by ESEM in wet conditions without any other preparation. Operative conditions were low vacuum (100 Pascal), accelerating voltage of 20 kV, working distance 8.5 mm, 0.5 wt% detection level, 133 eV resolution, amplification time 100 ls, and measuring time of 60 s for spectra. EDX provided microchemical spectra and semiquantitative compositional data (weight % and atomic % of the elemental composition).
Micro-Raman spectra were measured on the surface of the fresh samples as well as on the single components (i.e. before mixing) and after ageing in HBSS for 28 days (Gandolfi et al. 2011b) . The spectra were obtained using a Jasco NRS-2000C instrument in back-scattering conditions with 4 cm À1 spectral resolution, using the 532-nm Green Diode Pumped Solid State (DPSS) Laser Driver (RgBLase LLC, USA) with a power of ca. 25 mW, properly filtered. A 160 K cooled digital CCD (Spec-10: 100B, Roper Scientific Inc.). A microscope of 1009 magnification with a confocal pinhole with an aperture diameter of 3000 lm was used. The spectra of the aged samples were measured also using a confocal pinhole with an aperture diameter of 200 lm, to obtain signals from a limited in-depth region. All the Raman measurements were made in a fully nondestructive way, without any sample manipulation. All the reported spectra are an average of at least five measurements.
Results
Alkalizing activity (pH) and calcium release
BioRoot RCS raised the pH of the immersion water significantly more (P < 0.05) than the other materials for the first 14 days of immersion (Table 2 ). Its pH was approx. 11-12 for the first 14 days, then after 28 days the pH decreased to 8.7, but alkalization was still present; in particular, the alkalizing activity was significantly higher (P < 0.05) than MTA Fillapex for the first 14 days of immersion. AH Plus had a pH of 7.1-7.8, whereas Pulp Canal Sealer demonstrated a weak acidification of the soaking water, especially in the first 3 days of immersion.
For BioRoot RCS, the release of calcium ions started immediately after sample immersion (Table 2) , decreased during the testing time, but remained significantly high until 28 days, demonstrating long-term activity. For MTA Fillapex, the maximum calcium release was observed between 1 and 3 days. Nevertheless, BioRoot RCS had a significantly greater amount of leaked calcium during the testing period. No calcium release was recorded for Pulp Canal Sealer at any time of immersion, whilst AH Plus had a negligible leakage of 1-2 ppm. However, no significant differences were found between Pulp Canal Sealer and AH Plus.
Physical properties
The final setting time of Bioroot RCS was 300 AE 5 min (Table 3) , longer than the manufacturer's information (<240 min).
The final setting times of AH Plus, Pulp Canal Sealer and MTA Fillapex were 1240, 60 and 270 min, respectively.
All the materials demonstrated radiopacity values greater than 3 mm Al (Table 3) , as named by ISO 6876, although BioRoot RCS had a radiopacity of 5.18 mm Al. The materials had different apparent porosity values ( 50, e120-e136, 2017 for BioRoot RCS (P < 0.05) and MTA Fillapex (P < 0.05) than Pulp Canal Sealer and AH Plus after both pre-setting times (setting time plus 50% and after 7 days at 37°C 99% RH). No significant difference was recorded between the apparent porosity values of each material measured under the two test conditions. On the other hand, BioRoot RCS and MTA Fillapex had values of water sorption and solubility significantly lower after 7 days of pre-setting (P < 0.05). No differences were recorded for Pulp Canal Sealer and AH Plus.
Surface characterization and calcium phosphate nucleation in simulated body fluid BioRoot RCS Dry BioRoot RCS powder in the ESEM analysis ( Fig. 1 ) displayed granules varying widely in size (2-10 lm); EDX detected carbon (C), nitrogen (N), oxygen (O), silicon (Si), calcium (Ca) and zirconium (Zr). The Ca/Si atomic ratio calculated by EDX data was 3.74.
The freshly mixed paste had a homogeneous surface and displayed a strong increase of C and the appearance of chlorine (Cl), derived from the liquid. The Ca/Si atomic ratio was 3.20.
After soaking in HBSS, a uniform coating of small spherulites and thick deposits of aggregated spherulites were observed on the surface; EDX detected sodium (Na), high magnesium (Mg), Cl (attributable to HBSS medium), phosphorous (P) and the marked decrease in Si and Zr. The Ca/P atomic ratio at 28 day was 5.21. Figure 2 shows the average microRaman spectra of fresh BioRoot RCS as well as after ageing in HBSS for 28 days. The spectrum of the fresh material shows the bands of triclinic alite (Conjeaud & Boyer 1980) and zirconia monoclinic polymorph (Witke et al. 2001) . At wavenumbers higher than 1000 cm À1 , the bands assignable to the organic component were detected. Upon ageing in HBSS, the bands ascribable to a Btype carbonated apatite (carbonate substituting for phosphate) (Nelson & Featherstone 1982) and calcite (Martinez-Ramirez et al. 2003) appeared; the bands of the underlying cement were still detectable, although with a lower relative intensity than in the fresh material.
Pulp Canal Sealer ESEM images of Pulp Canal Sealer revealed (Fig. 3 ) a fine powder; EDX detected C, O, zinc (Zn), silver (Ag) and iodine (I). The freshly mixed paste had a flat and Different capital letters represent significant differences (P < 0.05) in the same line, whilst different small letters represent differences in the same column (two-way ANOVA followed by RM Student-Newman-Keuls with P < 0.05, n = 10 per group). homogeneous surface and displayed an increase of C and appearance of N, derived from the liquid. After soaking in HBSS, no significant changes in surface morphology and no deposits were observed; EDX detected the appearance of Na, P, Cl and Ca derived from the HBSS. Figure 4 shows the average micro-Raman spectra recorded on the liquid phase and the powder of Pulp Canal Sealer, as well as on the freshly mixed cement and after ageing in HBSS for 28 days. The spectrum of the liquid component shows the bands due to eugenol (Chowdhry et al. 2015) , whilst that of the powder is dominated by the bands of zinc oxide (Zhang et al. 2009 ) and the organic component (thymol iodide). The quality of the latter spectrum as well as of the fresh material and after ageing in HBSS was degraded by fluorescence, which may be due to the thymol iodide component or to trace impurities present in the powder. In fact, it must be recalled that photoluminescence has a much higher probability of occurring than Raman scattering so that traces of impurities (i.e. not deliberately added to the sample) may have enough fluorescence to mask the Raman signal.
The spectrum of the fresh sample is dominated by the bands of zinc oxide; the broadening around 490 cm À1 and the band at 150 cm À1 indicate the presence of zinc hydroxide; mixing the ZnO powder with eugenol-based liquid triggers the setting reaction and allows the formation of Zn(OH) 2 and zinc eugenolate, in the presence of humidity. The bands of the latter component (Gandolfi et al. 2013b) were only partially detected due to the high fluorescence of the sample. For the same reason, the spectrum of the Pulp Canal Sealer cement aged in HBSS revealed only the main bands of the organic component and zinc oxide. No apatite/calcite deposit was detected, in agreement with ESEM-EDX analyses.
AH Plus
AH Plus (Fig. 5 ) had inorganic granules immersed in an organic matrix in the ESEM. EDX had these elements in the two pastes: C, N, O, Si, Ca, Zr and tungsten (W) for paste A and C, N, O, Ca, Zr and W for paste B. The freshly mixed paste had an irregular surface. After soaking in HBSS, significant changes in surface morphology were observed as follows: the organic matrix was not visible and a homogeneous deposit appeared. EDX detected Na, P, Cl and Ca from the HBSS; Si, Zr and W were no longer detected. Ca/P atomic ratio was 1.57 at 28 days, indicating the deposition of Ca-poor apatite. Figure 6 shows the average micro-Raman spectra recorded on the pastes A and B of AH Plus as well as on the freshly mixed cement and after ageing in HBSS for 28 days.
In the micro-Raman spectrum of paste A, the strongest bands belonged to calcium tungstate (Nyquist et al. 1997 2011), respectively; the former is also attributable to zirconia and bisphenol A epoxide resin, the latter to zirconia. The micro-Raman spectrum of paste B revealed the bands of monoclinic zirconia and calcium tungstate, all with higher relative intensities than in paste A, in agreement with the EDX data. The bands above 1000 cm À1 are ascribable to the organic component, some of them (indicated) specifically to the aromatic diamine (i.e. N,N 0 -dibenzyl-5oxa-nonandiamine-1,9).
The freshly mixed cement showed the bands of both pastes A and B. Upon ageing in HBSS, a B-type carbonated apatite was detected but the bands of the underlying cement were still detectable. Note that the relative intensity of the band at 1258 cm À1 decreased, due to the epoxide group consumption occurring during cement hardening, in agreement with the results reported in the literature (Merad et al. 2009 ). Different letters represent significant differences (P < 0.05) in the same column (one-way ANOVA followed by Student-Newman-Keuls with P < 0.05, n = 10 per group).
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MTA Fillapex
The yellow base paste and white catalyst paste of MTA Fillapex observed with the ESEM (Fig. 7) had different surface morphologies. In the yellow paste, it was easier to recognize the inorganic granules, whilst the white paste had a homogenous surface with only a few granules immersed in an organic matrix. The EDX analysis detected the elements present in the two pastes: C, N, O, Si, Ca, W, aluminium (Al) and titanium (Ti) in the yellow paste and C, O, Al, Si, Ti, sulphur (S) and bismuth (Bi) in the white paste. The freshly mixed paste had a homogenous and flat surface; the inorganic granules were visible, immersed in an organic matrix. After soaking in HBSS, a deposit appeared; EDX detected the appearance of Na, P and Cl and Ca from the HBSS. Most elements constituting the cement were no longer detected. The Ca/P atomic ratio was 1.41 at 28 days, indicating a deposition of Ca/poor non-Apatitic CaPs. Figure 8 shows the average micro-Raman spectra recorded on the white and yellow pastes of MTA Fillapex, as well as on the freshly mixed cement and after ageing in HBSS for 28 days.
The spectrum of the yellow paste shows the bands assignable to the salicylate resin, calcium tungstate and titanium oxide (as anatase (Nyquist et al. 1997) ). The white paste contained an organic resin, belite and alite, anatase and bismuth oxide. These Figure 1 ESEM images and EDX microanalysis of BioRoot RCS powder, freshly mixed and after 28 days in HBSS. The image shows the surface morphology and the composition of the powder and freshly mixed cement. After immersion in HBSS, a coating of small spherulites containing Ca and P appears on the sample surface.
Novel tricalcium silicate endodontic sealer Siboni et al. components were also detected in the spectrum of the fresh cement. The tricalcium silicate bands had significantly lower relative intensities than in BioRoot RCS; no tricalcium aluminate and calcium sulphate were detected in any material.
Upon ageing in HBSS, an apatite deposit was observed; the bands of the underlying cement were still observable (in particular, those assignable to calcium tungstate and anatase).
Discussion
The ESEM and micro-Raman analyses confirmed that BioRoot RCS consisted of a fine powder of tricalcium silicate and zirconium oxide mixed with an aqueous solution of calcium chloride and polycarboxylate. BioRoot RCS demonstrated lower radiopacity values than reported in the literature (Khalil et al. 2016) .
Zirconium oxide is present to increase the radiopacity (see Table 3 , as required by ISO 6876). Thirty per cent of ZrO 2 does not affect the hydration reaction of tricalcium silicate cements , improves physical properties such as compressive strength and triggers a better biological response than hydraulic tricalcium silicate cements containing bismuth oxide . Bismuth oxide in tricalcium silicate cements has been demonstrated to produce a deleterious effect on in vitro human marrow stromal cells growth (Gandolfi et al. 2009b . Furthermore, ZrO 2 has been reported to allow a greater and longer release of calcium ions and to make the tricalcium silicate cements more biocompatible (Li et al. 2017) .
Interestingly, EDX detected traces of W (as a radiopacifier agent) in the yellow paste of MTA Fillapex, not reported in the technical data sheet. Raman confirmed the presence of calcium tungstate.
The amount of Ca 2+ ions released by BioRoot RCS was higher and more prolonged than the other materials tested. The amount of calcium released by AH Plus and Pulp Canal Sealer was absent or negligible. Both BioRoot RCS and MTA Fillapex raised the pH of the surrounding environment (Table 2) . Alkaline pH promotes antibacterial activity (Siqueira & Lopes 1999 , Al-Hezaimi et al. 2006 , Reston & Souza Costa 2009 , Poggio et al. 2015 and favours apatite nucleation , Gandolfi et al. 2013b . AH Plus did not change significantly the pH of the soaking water, and values remained near neutral (7.1-7.6); on the contrary, Pulp Canal Sealer had a low acidification tendency (pH was 6.0-6.2) in the early testing time due to the leaking of eugenol into the surrounding environment (Zhou et al. 2013) .
After soaking for 28 days in HBSS, both BioRoot RCS and MTA Fillapex had a CaPs layer covering the cement surface. The high Ca/P values of BioRoot RCS were likely correlated to the great Ca of tricalcium Figure 2 Average micro-Raman spectra of fresh BioRoot RCS as well as after ageing in HBSS for 28 days. The spectra were recorded by using a 3000-lm confocal pinhole. The bands ascribable to the organic component (OR), monoclinic zirconia (Z), triclinic alite (A), apatite (Ap) and calcite (C) are indicated.
silicate composition and the contribution of calcium carbonates (Gandolfi et al. 2013a) .
No CaPs deposits were detected on the Pulp Canal Sealer surface. AH Plus had a thin CaPs deposit despite the low/negligible amount of calcium ions released. This result was in agreement with a previous study (Gandolfi et al. 2013a) , where sparse calcium phosphate deposits were detected on AH Plus after immersion in HBSS.
To evaluate the relative thickness of the deposit, micro-Raman spectra on the surface of the aged samples were measured also using a 200 lm pinhole, that is under optical conditions more sensitive to the surface of the samples. The average spectra are shown in Fig. 9 . No apatite deposit was detected on Pulp Canal Sealer. If compared with the spectra recorded with a 3000-lm pinhole (Figs 2, 6 and 8) , the relative intensity of the apatite bands was higher when using a 200-lm pinhole, which is more sensitive to the superficial deposit. The spectra still show the marker bands of the respective underlying cements with the exception of BioRoot RCS, which thus formed the thickest deposit.
For AH Plus and MTA Fillapex, the spectra of Fig. 9 showed a thicker layer on MTA Fillapex since the I 965(Ap) /I 916(CaWO4) intensity ratio was higher for the latter than for the former. Therefore, the thickness of the apatite deposit decreased along the series (Fig. 9 ) pinholes, it decreased along the series MTA Fillapex > BioRoot RCS > AH Plus, suggesting that apatite crystallinity increased from MTA Fillapex to AH Plus. The prolonged release of calcium ions has been demonstrated to be a key factor to promote endodontic and periodontal tissue regeneration (Hakki et al. 2009 , Matsumoto et al. 2013 enhancing the bioactivity and biocompatibility of the material. In fact, modern endodontic protocols require the use of materials able not only to perform a good and stable seal and prevent recurrent infections, but also to promote periapical tissue regeneration and contribute to the recruitment of osteo-odontogenic stem cells within the apical environment (da Silva et al. 2008 , Gandolfi et al. 2009 , 2011a , Bryan et al. 2010 , Gandolfi & Prati 2010 , Silva et al. 2012 .
The ion releasing ability and the formation of a CaPs layer could also explain the good in vitro biocompatibility reported for BioRoot RCS (DimitrovaNakov et al. 2015) : when in contact with mouse pulpal stem cells, BioRoot RCS did not alter cell viability or cell morphology, whilst Pulp Canal Sealer induced cell death even in the presence of a small amount of material.
Both tricalcium silicate-containing materials were associated with ion release, porosity, water sorption and solubility higher than AH Plus and Pulp Canal Sealer.
The solubility was calculated as weight loss for samples set for a period 50% longer than the final setting time before testing; the measurements was repeated by leaving the samples at 37°C and 98-100% relative humidity for 7 days to permit a longer and more extensive hydration. Figure 6 Average micro-Raman spectra recorded on the pastes A and B of AH Plus as well as on the mixed cement just prepared (i.e. fresh) and after ageing in HBSS for 28 days. The spectra were recorded using a 3000-lm confocal pinhole. The bands ascribable to the organic component (OR), bisphenols A and B epoxide resins (Ep), monoclinic zirconia (Z), calcium tungstate (W) silica (Si), ferrous oxide (Fe) and apatite (Ap) are indicated. The bands ascribable in paste B to the aromatic diamine (i.e. N,N 0 -dibenzyl-5oxa-nonandiamine-1,9) are marked with an asterisk.
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As reported in Table 4 , only AH Plus and Pulp Canal Sealer had solubility values lower than 3% as required by the ISO standard, and no significant differences were recorded between the two setting conditions (setting time +50% and 7 days) for these materials. BioRoot RCS and MTA Fillapex had high solubility (>3%); these materials are more hydrophilic, which produced greater porosity and solubility values. Pulp Canal Sealer and AH Plus are hydrophobic materials and did not adsorb water; consequently, the porosity and solubility values are significantly lower than for the tricalcium silicate-containing materials.
The solubility values of BioRoot RCS and MTA Fillapex decreased significantly after 7 days; however, no significant differences were recorded for porosity and water sorption between the two test conditions. Setting times of AH Plus, Pulp Canal Sealer and MTA Fillapex were similar to those reported in literature , Baldi et al. 2012 , Gandolfi et al. 2016 .
For BioRoot RCS and MTA Fillapex, the hydration processes continued after the final setting time and permit the ion release and CaP nucleation for 28 days. The high values of solubility in distilled water of the early set BioRoot RCS are correlated with high Ca 2+ and OH À release, which dissolve leaving voids. When immersed in a simulated body fluid, the calcium ions combined with phosphate promoting the (Gandolfi et al. 2013b , Iacono et al. 2014 . This study confirmed that BioRoot RCS and MTA Fillapex release mineralizing ions (Ca ++ ), bind biologically active ions and trigger the nucleation of apatite precursors on the material surface (bioactivity). On the other hand, AH Plus did not show the ability to release ions so the formation of calcium phosphate deposits was related to the presence of functional groups in the material that adsorb the ions involved in apatite nucleation (chemi/physisorption-related CaPs deposition). Concerning solubility, water sorption and porosity tests, unfortunately, there is a lack of an international standard and test methods (ISO) for both conventional and resin-modified tricalcium silicate MTA-like cements (Gandolfi et al. 2012) . This deficiency has been also mentioned by others (Nekoofar et al. 2007 ). There is a need for a standard requirement for the aforementioned materials in relationship to their specific clinical application (root-end filling materials, endodontic sealers, pulp capping materials, etc.). The tests suggested in the available specifications are often inappropriate/unfeasible and inapplicable to calcium silicate-based materials. The solubility and porosity of tricalcium silicate (MTA-type) materials in distilled water do not predict the real stability and integrity of such materials in vivo. It has been demonstrated that in the presence of serum proteins, the solubility is much lower than in water (Gandolfi et al. 2011c) . It can be speculated that the same will occur under in vivo conditions. Moreover, as previously mentioned, apatite deposition on the sealer surface and within the internal porosities counterbalances these values. Silva et al. (2017) proposed a different methodological set-up to test the solubility and dimensional changes of endodontic sealers using a micro-CT approach in order to simulate clinical condition.
Tricalcium silicate sealers present new and innovative properties compared to conventional sealers such as calcium release, apatite-forming ability and hydrophilicity. These characteristics are useful for teeth with wide and open apices, wet and blood-filled canals apical thirds and root perforations. They may accelerate the healing of apical bone defects by improving bone regeneration in vitro (da Silva et al. 2017 ) and in vivo (Margunato et al. 2015) . BioRoot RCS sealer requires a cold condensation technique, and its composition may play a positive role in preventing demineralization of root dentine (Reyes-Carmona et al. 2010) .
Conclusion
BioRoot RCS is a bioactive material able to nucleate carbonated apatite deposits in relationship to its prolonged ability to release calcium ions and to basify the environment.
MTA Fillapex had much lower calcium release and less apatite deposition after ageing in HBSS.
No calcium release, no alkalizing activity and no CaPs nucleation were detected for aged Pulp Canal Sealer.
Some apatite deposits were found on AH Plus despite the absence of calcium release and alkalizing activity.
All sealers fulfilled the standard requirements in terms of radiopacity. However, the significantly low radiopacity values of BioRoot RCS may not satisfy clinicians who usually utilize other more radiopaque sealers (i.e. AH Plus and Pulp Canal Sealer).
The data support the potential of bioactive tricalcium silicate sealers such as BioRoot RCS to promote periapical healing, bone regeneration and sealing by mineralization and apatite deposition at the root canal wall interface.
